Fe-based laser cladding layers were reinforced by TiC with different morphologies prepared in situ by using FeTi30 powder, graphite powder, and Fe-based self-fluxing alloy powder with different particle sizes. The effects of the particle size of the cladding alloy powder on the TiC morphologies, and the hardness and corrosion resistance of the reinforced Fe-based cladding layers were studied by X-ray diffraction, scanning electron microscopy, and an electrochemical workstation. The results showed that as the particle size of the cladding alloy powder decreased under the same laser cladding process, the cladding layer showed a better form, and there were no changes in the cladding layer phase. The TiC morphology changed from a large petal shape to a polygonal block. The hardness of the cladding layer decreased, but the corrosion resistance of the cladding layer increased.
INTRODUCTION
Laser cladding, as a surface strengthening and repairing technology, can significantly improve the surface properties of a matrix. Laser cladding not only allows specific performance requirements to be met but also saves many precious alloying elements [1] [2] [3] . In situ reinforcement phases are obtained during the melting state of the laser cladding process, and obtaining ceramic particle reinforced metalbased cladding layers and improving the hardness and wear resistance of the material [4, 5] . At present, the reported in situ reinforcement phases used are mainly TiN [4] , TiC [6, 7] , VC [8, 9] , WC [10] , Al2O3 [11] , and TiB2 [12] . Among these, TiC has characteristics of high hardness, high melting point, high corrosion resistance, and stable thermomechanical properties, making it an ideal ceramic reinforcement phase [13, 14] . Previous studies regarding TiC in the surface engineering field have mainly concentrated on argon arc cladding [15] [16] [17] , thermal spraying [18, 19] and laser cladding methods. X. Xu et al. [20] showed that there was a significant improvement in the microhardness and tensile strength of TiC-reinforced Inconel 625 coatings compared with that of pure Inconel 625 coatings. The TiC-reinforced Inconel 625 coatings also exhibited good corrosion resistance, demonstrating a further surface improvement of the ASIS 316L stainless-steel substrate. Ali Emamian et al. [21] reported that the laser parameters played a crucial role in establishing TiC morphology through temperature and chemical composition. It has also been reported that the dendrite morphology of the composite layer was changed to a cellular grain structure by increasing the laser pulse duration and irradiated energy, owing to more dissolution of carbon into the liquid Ti by the increase in the heat input and the positive influence of the Marangoni flow in the melted zone [22] . As the weight percentage of Ti+C increased, the peak temperature of the molten pool increased, which gradually increased the TiC particle size with the microstructure exhibiting a dendritic structure; in contrast, TiC/Inconel 718 composite layers with a fine dispersal of TiC particles exhibited high hardness and good wear characteristics compared to those with a dendritic structure [23] . There are limited studies regarding the relationship between the particle size of the cladding alloy powders and the properties of the TiC/Fe laser cladding layers. Therefore, the objective of the present study was to examine the effects of the particle size of cladding powders on the in situ TiC morphologies and properties of Fe-based laser cladding layers.
MATERIALS AND METHODS
Low carbon steel was used as the substrate material. Cladding alloy powders were composed of 39.47 wt.% Fe based self-fluxing alloy powder, 53.33 wt.% FeTi30, and 7.20 wt.% graphite (99.50% purity). The chemical compositions of the Fe based alloy powder and the FeTi30 powder are respectively listed in Table 1 and 2. The particle sizes of the cladding alloy powders are listed in Table 3 . Mixed powders were placed on the low carbon steel surface using a sodium silicate binder and the thickness of the precursor was approximately 1.0 mm. Laser cladding was performed using a Laserline LDF-4000 semiconductor laser. The optimized laser power, laser beam diameter, scanning speed, and overlapping ratio were 2050 W, 4.0 mm, 5.0 mm/s, and 25%, respectively. The layer phases were analyzed by X-ray diffraction with a Shimadzu-6100 diffractometer (Cu Kα) set to a working voltage and current of 40 kV and 30 mA, respectively. The step speed was 6 °/min. The microstructure and morphology of the cladding layer were observed using a ZEISS SUPRA55 scanning electron microscope with a tube voltage of 15 kV. Microhardness analysis was performed with a load of 1.96 N. Polarization curves of cladding layers were measured in 3.5 wt.% NaCl solution at 298 K, and were conducted with a scan rate of 0.5 mV/s using a Gamry electrochemical workstation (Interface 1000). A saturated calomel electrode was used as the reference electrode, and a platinum electrode was used as the counter electrode. The corrosion morphologies of the cladding layers after running the polarization curves tests were observed with the scanning electron microscope. Figure 1 shows the macromorphologies of the S1 and S3 cladding layers. The cladding layers showed good formation with the above two particle sizes of cladding alloy powders. The uneven surface of the S1 cladding layer may be due to an improper overlapping ratio, while the surface of the S3 cladding layer was relatively flat, which indicated that a fine particle size of the cladding alloy powder was beneficial for better formation of the cladding layer under the same heat input conditions. Daichi et al. [24] also confirmed that the smaller the alloy powder size, the better the layer formation. As the particle size decreased, on the one hand, the decrease of the particle radius led to an earlier melting time [25] ; on the other hand, the specific surface area of the powder increased [26, 27] , which increased the laser absorption efficiency during laser cladding. As a result, the utilization rate of the laser heat was greatly improved. Therefore, the surface forming quality of the S3 cladding layer was more ideal. Figure 2 shows the X-ray diffraction spectra of the cladding layers. Phase analysis showed that the phases in the three cladding layers were alpha-Fe and TiC. Therefore, the TiC was formed by an in situ reaction of the Ti and C atoms during the laser cladding process. Thus, as the particle size of the cladding alloy powder varied within the range used in the present study, there were no changes in the phase of the cladding layers. In addition, the relative intensity of the TiC diffraction peak decreased from S1 to S3, which may be attributed to the oxidation of the graphite and titanium elements. Figure 2 . XRD spectra of S1-S3 cladding layers Figure 3 shows the secondary electron morphologies of the cladding layers and the average particle size of TiC. Combined with the X-ray diffraction results, the black second phase was the TiC obtained by the in situ synthesis. Further analysis showed that the distribution of TiC in the S1 cladding layer was not uniform, some were petal-shaped and some were aggregated. The average size of the aggregates was approximately 7.56 µm. The distribution uniformity of the TiC in the S2 cladding layer was improved, and the distribution of the TiC was also aggregated. However, the size of the aggregates decreased significantly to approximately 2.13 µm. The distribution of the TiC in the S3 cladding layer was more uniform, and the morphologies changed to a polygonal block, with an average particle size of approximately 1.38 µm; furthermore, a large number of submicron scale TiC appeared in this cladding layer. Ali Emamian et al. [21] noted that the morphologies of in situ TiC could be varied from dendritic to spherical by adjusting the laser parameters, showing the TiC morphologies were actually controlled by the temperature and chemical composition. S. Corujeira Gallo et al. [28] also found that the morphology of TiC precipitates was affected by the chemical composition of the iron matrix for Fe-TiC. The size and volume fraction of TiC increased with increasing heat input and decreasing cooling rate in plasma transferred arc welding.
RESULTS AND DISCUSSION
Because the particle size of the S1 alloy powders was relatively large, there was a large carbon concentration difference in the cladding layer, and the carbides grew and nucleated around the position of the graphite. With a decrease in the particle size of the cladding powder, the distribution of the carbide forming elements in the molten pool was more uniform; thus, the nucleation number increased, the particle size of the carbide decreased, and the distribution tended to be uniform. Figure 4 shows the microhardness distribution curve in relation to the depth of the cladding layers. The average hardness of the S1, S2, and S3 cladding layers were 867 HV0.2, 840 HV0.2, and 675 HV0.2, respectively. The hardness of the cladding layers decreased with decreasing the alloy powder size. The main reason for this decrease was that the decrease in the particle size of the alloy powder caused the burning loss of graphite to increase during cladding. Therefore, there was a decrease in the carbon content of the cladding layer. In addition, the microhardness of S1 fluctuated, which could be due to the aggregation of the TiC in the S1 cladding layer.
Figure 4.
Microhardness distribution curves on the cross section of S1-S3 cladding layers Figure 5 shows the polarization curve of the cladding layers in 3.5 wt.% NaCl solution. A traditional Tafel method was used to fit the curves. The fitting results are shown in Table 4 . I0 is the corrosion current density, and E0 is the corrosion potential. From the fitting results, the corrosion potential of the cladding layer positively shifted from the S1 to S3 cladding layers, indicating that the corrosion tendency of the cladding layer decreased gradually. From the changes in the corrosion rate, the corrosion resistance of the cladding layers increased gradually. The above changes can be attributed to the changes in the morphologies and distributions of TiC. Because the corrosion potential of TiC was higher than that of the cladding layer matrix, galvanic corrosion occurred readily in a corrosive medium, in which the TiC served as the cathode. The larger size of the carbide in the S1 cladding layer indicated that the cathode area was larger, which caused the galvanic corrosion to be stronger. As the size of the carbide decreased, the single galvanic corrosion weakened, especially in the S3 cladding layer where there were many more submicron TiC particles; thus, small cathode and large anode galvanic cells were produced, which significantly reduced the galvanic corrosion. Consequently, the corrosion tendency of the cladding layer was reduced, and the corrosion resistance improved. K. Chong et al. [3] also indicated that the enlarged particle size of (Ti-V)C increased the galvanic corrosion that was generated between the carbides and the matrix layer. Figure 6 shows the corrosion morphologies of the S1 and S3 cladding layers. Dramatic matrix corrosion of the S1 cladding layer was found, and the carbide morphologies were intact. The corrosion behavior mainly occurred at the interface between the carbide TiC and the matrix of the cladding layer, especially around the large carbide particles. The surface of the S2 cladding layer was relatively flat. Some of them occurred around the carbide aggregation position, and the other part occurred at the grain boundary. The results showed that the main corrosion type in the cladding layer was galvanic corrosion. When the carbide size was large, corrosion occurred between the carbide and the matrix of the cladding layer. When the carbide size was small, corrosion occurred between the matrix of the cladding layer and its grain boundaries.
Figure 6.
Corrosion morphologies of (a) S1 (b) S3 cladding layers after running potentiodynamic polarization curves tests
CONCLUSIONS
TiC-reinforced Fe-based laser cladding layers with different morphologies were prepared by an in situ reaction of Fe-based self-fluxing alloy powder, ferro-titanium powder, and graphite powder with different particle sizes. As the particle size of the cladding alloy powder decreased under the same laser cladding process, the cladding layer showed a better form, and there were no changes in the cladding layer phase. The morphology of TiC changed from a large petal shape to a polygonal block. The hardness of the cladding layer decreased, but the corrosion resistance of the cladding layer increased.
